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Abstract: Polycrystalline BiFeO3 and Rare earth substituted Bi0.9R0.1FeO3 (BRFO, R = Y, Ho and 
Er) compounds were prepared by rapid solid state sintering technique. Structural phase analysis 
indicates that all the compounds stabilized in rhombohedral structure (R3c space group) and a 
small orthorhombic phase fraction was observed in BRFO compounds. From the Raman spectra 
results, the changes in the phonon frequencies (A1) and line widths suggest lattice distortion in the 
BRFO compounds as is evidenced in the XRD analysis. Compared to the linear variation of 
magnetization with magnetic field (M-H) shown by BFO, an obvious M-H loop was observed in 
BRFO compounds which could be due to the suppression of space modulated spin structure and 
explained on the basis of weak ferromagnetism and field induced spin reorientation. UV-Vis 
spectroscopy evidences a change in local FeO6 environment due to shift in the 
6A1g → 4T2g energy 
transition band. BRFO compounds with improved remnant magnetization and coercive field are 
applicable for magnetoelectric devices.    




Materials which simultaneously exhibit more than one ferroic orders are called 
Multiferroics. These materials are not only interesting because of their ferroelectric and magnetic 
properties, but also due to the existence of coupling between the ferroics orders. In these materials, 
magnetization can be controlled with the application of electric field and vice versa. Existence of 
coupling of ferroelectric and (anti)ferromagnetic orders imparts a great value to these materials for 
device applications such as actuators, data storage and sensors [1-4]. In most of the single phase 
multiferroic materials, such as rare earth manganites [5, 6], have their magnetic / ferroelectric 
transition temperatures well below room temperature and their application is limited at room 
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temperature.  Among all the multiferroics, BiFeO3 is a unique material having its magnetic and 
ferroelectric transition temperatures well above room temperature. Its ferroelectric Curie 
temperature is 1103K and magnetic Neel temperature is 643K [7, 8]. In this compound, 
ferroelectricity is originated due to the relative displacement of cations resulting from the 
stereochemical activity of 6s2 lone pair electrons of Bi3+-ions. Magnetic structure of BiFeO3 is G-
type antiferromagnetic. This G-type antiferromagnetic ordering is superimposed with the spiral 
spin structure leading to a zero net magnetization. Ferromagnetism can be induced by suppressing 
the space modulated spin structure (SMSS) [9, 10]. The SMSS can be suppressed by substitution 
of elements at A – site (Bi) or at B – site (Fe). Generally, rare earth elements (La, Nd, Eu, Dy, Gd, 
Ho, Y, etc.) or Alkaline earth elements (Ca, Ba, Sr, Pb, etc.) and transition metal elements (Sc, Cr, 
Mn, Co, etc.) will be substituted respectively at A – site and B – site [10-16]. With the partial 
substitution of elements at these sites, the crystal structure will be distorted due to the internal 
chemical pressure. This induced distortion helps in tailoring electric, magnetic and dielectric 
properties [13-16].  
In this report, three elements Y, Ho and Er have been chosen to substitute at Bi-site of 
BiFeO3. As these elements (in 3+ valence state) have their radii smaller than Bi
3+, they can occupy 
Bi3+ positions and moreover their bond energies with O2- are greater than that of Bi-O bond energy 
which may reduce oxygen vacancies during synthesis. In this present study, R substituted BiFeO3 
compounds were synthesized using Rapid solid state sintering technique which may minimize 
secondary phases and reduce oxygen vacancies [17-19]. In this technique, compounds are sintered 
at high temperatures in sufficiently small times. Since the melting temperature of Bi2O3 is 820
oC, 
use of higher temperatures above 820oC leads to the formation of liquid phase. This liquid phase 
may accelerate the synthesis and minimize the secondary phases.  
1.   Experimental Details 
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BiFeO3 (BFO) and Bi0.9R0.1FeO3 (BRFO) [BHFO for R = Ho, BEFO for R = Er and BYFO 
for R = Y] polycrystalline compounds were synthesized by Rapid solid state sintering technique 
using the high purity Bi2O3, Fe2O3 and Ho2O3 (purity > 99.9%) as starting materials. These 
powders were mixed with their stoichiometric ratios and ground thoroughly for 6 hrs. The powders 
were made as pellets in the form of circular disc and sintered at 860°C for 300s in a tubular furnace 
and taken out immediately to room temperature. The sintered pellets were crushed into powders 
and used for characterizations. The Phase analysis of the compounds were examined by an X-ray 
diffractometer (Rigaku D/Max-2500) with Cu Kα radiation (λ=1.5406 Å). Raman scattering 
spectra were measured at room temperature using a Laser Micro Raman spectrometer (Bruker, 
Senterra) with an excitation source of 785nm with power of 10mW. The magnetic properties of 
these compounds were measured using MPMS (Quantum design MPMS). Diffuse reflectance 
spectra (DRS) of the powders were recorded in the wavelength range from 200–900nm using 
(Shimadzu UV–3600) UV–Vis–NIR spectrophotometer having a wavelength accuracy of ± 1nm 
resolution.      
2. Results and Discussion 
XRD patterns of polycrystalline BFO and BRFO compounds shown in Fig. 1 depict that 
all the compounds crystallize in rhombohedral structure and the diffraction peaks are indexed with 
R3c space group. Along with the main phase BFO, a trace amount of secondary phases like 
Bi2Fe4O9 and Bi25FeO40 is observed which is unavoidable during the kinetics of formation of BFO 
[16]. In the 2θ range of 31 – 32o, partial overlap of doubly split peaks (104) and (110) of BFO is 
observed in the R – ion substituted BFO. This indicates that coexistence of small percentage of 
orthorhombic phase with the parent rhombohedral phase with R – ion substitution [20- 22]. 
Substitution of smaller radius R – ions at Bi positions will decrease the average A-site which can 
be accounted using tolerance factor t, defined as ( ) / 2( )A O B Ot r r r r     where <rA> is the 
average radius at A site and rB and ro are the radii of Fe




Fig.1. Room temperature powder X-ray diffraction patterns for BFO and BRFO (R = Er, Ho and 
Y) compounds. 
When the tolerance factor decreases below unity, compression forces are acted upon Fe – O bonds 
and consequently Bi3+ / R3+ - O bonds are under tension. Cooperative rotation of oxygen octahedral 
takes place in order to reduce the lattice stress [21]. This induced lattice distortion nominally 
suppresses the rhombohedral phase and leads to evolution of lower symmetric phases like 
orthorhombic or tetragonal with reduction in lattice parameters as well as volume of the unit cell. 
It is worth to mention here, the prominent phase in our compounds is found to be rhombohedral 
crystal structure with the weak signature of orthorhombic phase.   
Raman spectra of BFO and BRFO polycrystalline compounds are shown in Fig. 2 (a). The 
measured spectra were fitted and de convoluted in to individual Lorentzian components to obtain 
the peak position of the each component i.e., the natural frequency (cm-1) of each Raman mode. 
For Rhombohedral (R3c) BiFeO3, the Raman active modes can be summarized using the following 
irreducible representation: Γ = 4A1+9E [23-25]. The phonon modes at lower frequencies 139.3, 
171.1 and 224.6 cm-1 can be assigned as A1-1, A1-2 and A1-3 respectively. Nine other phonon 
modes at 128.2, 260.3, 275.2, 293.8, 347.3, 368.4, 432.2, 469.0 and 526.4 cm-1 are assigned as E1, 
E2, E3, E4, E5, E6, E7, E8  and E9 modes respectively. A1 modes (139.3, 171.1 cm
-1) are attributed 
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to Bi – O covalent bonds [26]. In the present study, both the high intensity modes A1-1 and A1-2 
shift to higher frequency side. Because with the partial substitution of these elements (Y, Ho and 
Er) at A – site, the average mass at A – site will be decreased. If k is the force constant and M is 
the reduced mass, then the frequency of the mode is proportional to (k / M) ½ provided it is 
governed by the local factors [27]. Since the masses of the elements Ho, Er and Y are 
approximately 21%, 21% and 57% respectively less than the mass of the element Bi, substitution 
of the relatively lighter element Y at A – site will increase more shift in the frequency of vibration 
of the modes than Ho and Er which is consistent with our observation as shown in Fig. 2(b). 
Individual Raman modes of each compound are given in table. 1. Decrease in the intensity of A1-
1 and A1-2 modes in the R– ion substituted BFO indicates decline of stereochemical activity of 
Bi3+ lone pair electrons which in turn changes the Bi – O bonds [28].  
 
Fig. 2(a) Raman scattering spectra of BFO and BRFO compounds with their phonon modes 
deconvoluted into individual Lorenztian components. (b) Close observation of the A1-1 and A1-2 
phonon modes indicating a clear blue shift in their peak positions due to A-site cation disorder in 




Fig. 3 Plots showing the increase in FWHM and blue shift in frequency of A1-1 phonon mode due 
to R- ion substitution in BFO host lattice. 
In addition to this, change in the intensity of low frequency E modes is observed in R – ion 
substituted BFO. This indicates that all the R – ions replace the host site (Bi site) and affecting the 
Bi – O bonds. Fig. 3 shows the variation in Full Width Half Maxima (FWHM) and peak position 
for A1-1 phonon mode with the A-site substitution by R
3+ ions. Similar trend is also observed for 
A1-2 mode. This clearly indicates that decrease in average A-site radius in BRFO compounds 
affect the Bi – O bonds and creates disorder in the lattice.  
Variation of magnetization with magnetic field at 300K for all the compounds is shown in 
Fig. 4. In BFO, magnetic moments of Fe3+ cations are coupled ferromagnetically in the pseudo 
cubic (111) planes, but antiferromagnetically between the adjacent planes. The superposition of 
SMSS with the G-type antiferromagnetic spin ordering prevents both the observation of net 
magnetization and the linear magnetoelectric effect. In BFO, Fe3+ ion is surrounded by six O2- ions 
and O2- ion is the common apex of two adjacent FeO6 octahedra. The ionic size of Bi
3+ is larger 
than that of substituted R3+ ions. Substitution of smaller ionic size elements, at Bi3+-site, decreases 
the average A-site ionic size which in turn decreases tolerance factor. This, in-turn increase the 
octahedral tilt and change in the Fe – O – Fe bond angles and Fe – O bond distances [29]. Variation 
in bond angles and bond distances affects superexchange interaction between the two 
antiferromagnetically aligned Fe3+-ions with possibility of canted structure which in turn 
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presumably suppresses the SMSS [28]. An appearance of weak ferromagnetism in BRFO is 
accounted due to the enhancement of Dzyaloshinskii–Moriya (DM) interactions [30]. Contribution 
of magnetization from the secondary phases is ruled out as these phases are paramagnetic at room 
temperature [31, 32]. In case of Y substituted BFO, a non linear variation of magnetization was 
observed (unlike Ho and Er-substituted BFO). There are three nearly closed loops in the M – H 
curve for this compound. A narrow loop symmetrically situated between ±0.6 kOe arising from 
ferromagnetic interactions, and two loops lying between ±0.6kOe and ±50 kOe in first and third 
quadrants arising from antiferromagnetic interactions. Presence of antiferromagnetic and 
ferromagnetic exchange interactions in the same phase leads to competition between the two 
interactions. These competing interaction may induce spin reorientation towards the field direction 
in Y substituted BFO. Similar behavior has been explained in terms of metamagnetism [33] which 
is directly related to spin orientation phenomenon [34]. These spin reorientation transitions mainly 
depend on R-Fe interactions. It has been observed in Lu substituted YFeO3 that spin reorientation 
diminishes with Lu substitution [35]. It is reasonable to predict that the spin reorientation 
mechanism is more pronounced in BYFO as compared to that of BHFO and BEFO which is 
consistent with the observation. The remanent magnetization Mr and coercive field (HC) of BFO 




Fig. 4. Magnetization plots showing the evolution of weak ferromagnetic behavior in BRFO 
compounds measured at room temperature. Inset shows the non-zero coercivity (HC) and remanent 




Table 1 Remanent magnetization Mr and coercive field (HC) of BFO and BRFO compounds 
Compound BFO BYFO BHFO BEFO 
Remnant Magntization 
Mr  (emu / g) 
0.004 0.112 0.136 0.038 
Coercive Field HC (Oe) 460 116 3880 1924 
  
 Fig. 5 shows the room temperature UV–Visible absorption  spectra of BFO and BFO-Er, 
BFO-Ho, BFO-Y compounds derived from the diffuse reflectance (R) spectrum using Kubelka–
Munk function [34] F(R) = (1–R)2/2R which is plotted as a function of energy (eV). BFO has a 
distorted cubic structure, as a result there is a point group symmetry breaking from Oh to C3v [40] 
By considering C3v local symmetry of Fe
3+ ions (3d5 – High spin configuration; 3 2
2g gt e ) in BFO and 
using the correlation group and subgroup analysis for the symmetry breaking from Oh to C3v, there 
expected to have six transitions between 0 and 3eV [37]. 
 
Fig. 5 Shows the UV-Visible absorption spectra of BFO and BRFO compounds with respect to 
F(R) = (1–R)2/2R as a function of energy (eV) derived from Diffuse Reflectance Spectrum 
measured at 300K.  
 In our case we observed three transitions coressponding to three anomalies which lies in 
the range between 1.6eV to 4 eV. However other authors reported a similar type of transitions 
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along with two more transitions, one observed below 1.6eV and other above 4 eV [37, 38]. In order 
to observe these we need to perform the experiment still in the higher energy regions. However 
the observed there trnasitions matched well with the previous reports. From the DRS spectrum of 
BFO as shown in Fig. 5 a shoulder centered around 1.92 eV corresponds to         6A1g → 4T2g 
excitation which arises due to the d–d crystal field excitations of Fe3+ ions in BFO [37, 38]. 
Formally these excitations are forbidden because they change the total spin of Fe3+ from S = 5/2 
to S = 3/2. However, spin orbit coupling relaxes the spin selection rule and gives rise to these 
transitions [39, 40]. Above 2 eV, absorption increases significantly with a small shoulder centered 
at ~2.5 eV and near ~3.4 eV. These two   features were assigned to the charge transfer (CT) 
excitations [30]. Among these CT transitions the band centered at ~2.5 eV corresponds to two 
center CT transitions which is driven by Fe1 3d – Fe2 3d intersite electron transfer. The other band 
around ~3.4 eV corresponds to one center CT transitions which is associated with the interatomic 
O 2p – Fe 3d transition [39]. A similar kind of absorption bands as such in BFO were also observed 
for Er3+, Ho3+ and Y3+ substituted BFO compounds, which indicates that their electronic energy 
level scheme looks similar. But on close observation, there appeared to be a slight redshift on the 
d–d and CT transition bands for BRFO compounds. A noticeable shift in this transition bands 
clearly indicates that substitution of Er3+, Ho3+, Y3+ in BFO increases the internal chemical 
pressure which arises as a result of the changes of FeO6 local environment, as a consequence of 
contraction in unit cell volume. Our Raman spectroscopy results as discussed earlier also supports 
well in this context. 
 
3. Conclusion:  
Polycrystalline BFO and Bi0.9R0.1FeO3 (R= Y, Ho and Er) compounds were prepared by rapid solid 
state sintering technique. All the compounds stabilized in rhombohedral structure (R3c space 
group). Structural distortion in the Rare earth substituted compounds evolve a weak orthorombhic 
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phase at the expense of rhombohedral phase. A significant change in the phonon modes of R 
substituted BFO compounds indicates a clear local distortion in the crystal lattice and supports 
well with the x-ray analysis. Remnant magnetization is greatly enhanced in BRFO compounds due 
to the suppression of spiral modulated spin structure. UV-Vis spectroscopy evidences a change in 
local FeO6 environment upon substitution.  
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 XRD pattern of R-BFO samples indicates a weak coexistence of orthorhombic phase along with 
the parent rhombohedral phase due to structural distortion in the BFO lattice. 
 Shift and increased FWHM of the A1-1 and A1-2 phonon mode confirms the A-site cation disorder 
and change in covalency of the Bi-O bond due to Rare-earth ion substitution. 
 Improved Magnetic properties (i.e., Mr and HC) of R-BFO samples were attributed to the 
suppression of SMSS structure and spin- reorientation transitions. 
 UV-Vis spectroscopy evidences a change in the local FeO6 environment upon rare-earth ion 
substitution. 
 
 
